A Critical Assessment of the High Cycle Bending Fatigue Behavior of Boron-modified Ti-6Al-4V by Holycross, Casey M.
Wright State University 
CORE Scholar 
Browse all Theses and Dissertations Theses and Dissertations 
2010 
A Critical Assessment of the High Cycle Bending Fatigue Behavior 
of Boron-modified Ti-6Al-4V 
Casey M. Holycross 
Wright State University 
Follow this and additional works at: https://corescholar.libraries.wright.edu/etd_all 
 Part of the Engineering Science and Materials Commons 
Repository Citation 
Holycross, Casey M., "A Critical Assessment of the High Cycle Bending Fatigue Behavior of Boron-
modified Ti-6Al-4V" (2010). Browse all Theses and Dissertations. 375. 
https://corescholar.libraries.wright.edu/etd_all/375 
This Thesis is brought to you for free and open access by the Theses and Dissertations at CORE Scholar. It has 
been accepted for inclusion in Browse all Theses and Dissertations by an authorized administrator of CORE 
Scholar. For more information, please contact library-corescholar@wright.edu. 
A Critical Assessment of the High Cycle Bending
Fatigue Behavior of Boron-modified Ti-6Al-4V
A thesis submitted in partial fulfillment
of the requirements for the degree of
Master of Science in Engineering
by
Casey M. Holycross




SCHOOL OF GRADUATE STUDIES
September 7, 2010
I HEREBY RECOMMEND THAT THE THESIS PREPARED UNDER MY SU-
PERVISION BY Casey M. Holycross ENTITLED A Critical Assessment of the High
Cycle Bending Fatigue Behavior of Boron-modified Ti-6Al-4V BE ACCEPTED IN
PARTIAL FULFILLMENT OF THE REQUIREMENTS FOR THE DEGREE OF
Master of Science in Engineering.
Raghavan Srinivasan, Ph.D., P.E.
Thesis Director




Raghavan Srinivasan, Ph.D., P.E.
Seshacharyulu Tamirisakandala, Ph.D.
Ravi Penmetsa, Ph.D.
Andrew T. Hsu, Ph.D.
Dean, School of Graduate Studies
ABSTRACT
Holycross, Casey. M.S.Egr., Department of Mechanical and Materials Engineering, Wright
State University, 2010. A Critical Assessment of the High Cycle Bending Fatigue Behavior
of Boron-modified Ti-6Al-4V.
Boron-modified Ti-6Al-4V alloys have shown increased performance in mechanical
properties over unmodified alloys and are currently of interest for use in turbine en-
gine applications. These alloys offer up to 40% increase in ultimate tensile strength,
up to 30% increase in stiffness, and favorable damage characteristics while main-
taining a ductility greater than 10%. These attractive properties are attributed to
small additions of boron that refine the microstructure and form strong and stiff TiB
whiskers. Previous research has found that these modified alloys compare favorably in
fatigue. Samples machined from a powder-metallurgy forging with nominal composi-
tion Ti-6Al-4V-1B, were tested in fully-reversed bending at room temperature using a
vibration based step test method to determine the 106 fatigue strength. This method
simulates fatigue failure modes for high speed turbomachinery more accurately and
produces high-cycle fatigue results much faster than traditional tensile testing meth-
ods. Results were compared with data generated in a similar fashion for Ti-6Al-4V,
as well as traditional methods. Additionally, failure mode and damage characteristics
were identified using fractographic analysis.
The fatigue strengths at 106 cycles compared poorly in comparison to both tensile
and bending data for Ti-6Al-4V. This poor performance was attributed to inclu-
sions of foreign material that were smaller than the theoretical maximum powder
dimension. Fatigue damage characteristics were found to be consistent with previous
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Commercial development of titanium and its alloys began in the late 1940s, as their
potential use for high specific strength applications were realized[1]. With a density
60% of that of steel[2] and 50% of that of nickel[3] the use of titanium has dramatically
affected industries demanding high structural efficiency. Titanium is also championed
as having outstanding corrosion resistance[1, 4] and biocompatability, making it a
choice material for use as prosthetics and food and chemical storage[2, 5]. Addition-
ally, by utilizing various thermomechanical processing techniques and alloying with
various elements, titanium can be tailored to have attractive strength, corrosion, and
high temperature properties[6]. Despite these traits, producing titanium remains ex-
pensive, with sheet product costing 10–50 times that of aluminum and 50–100 times
that of steel[7]. This is mainly a result of the complex extraction process and the
need to remove surface impurities or cracks before further fabrication. Titanium is
widely used in the aerospace industry however, as its cost is offset by its high specific
strength[2, 8].
Of the many alloys of titanium, Ti-6Al-4V (Ti-6-4) is the most commonly pro-
duced, as 60% of all titanium ultimately ends up in this specific alloy composition.
Ti-6-4 is more weldable and machinable than other titanium alloys, and is used to
produce a variety of forms such as extrusions, forgings, plate, sheet, and wire. For
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aerospace applications, this alloy is mainly used as blades and disks for fans and
compressors, however designers have found useful service within pumps, structural
members, and pressure vessels[2].
Due to high cost, research has been driven to increasing specific strength and
stiffness, as this can result in significant cost savings through material reduction.
One such method of strength increase is by alloying Ti-6-4 with a small amounts
of boron (boron modification). Initial research into additions of less than 3 weight
percent (wt %) have shown a 40% increase in strength and a 30% increase in stiffness
compared to unmodified Ti-6-4, but this was achieved at the expense of ductility[9].
Further study of lower boron additions have shown up to a 75% increase in ultimate
tensile strength (UTS) and a 35% increase in stiffness, while maintaining at least
10% ductility. The decrease in ductility in initial studies was attributed to large,
ceramic titanium boride (TiB) particles that form in alloys richer than the eutectic
composition of 1.5 wt %. Additions below 1 wt % act to refine the grain size, therefore
counteracting a debit in ductility often seen in ceramic reinforced metals. Having a
desirable balance of strength and ductility, Ti-6-4 with 1 wt % boron (Ti-6-4+1B),
has been selected by the Air Force Research Laboratory’s (AFRL) Materials and
Manufacturing Directorate (RX) as the most promising composition. An initial study
into the high cycle fatigue life of a powder metallurgy (P/M) rolled plate with this
specific composition demonstrated that the high cycle fatigue life compared favorably
with conventional Ti-6-4, however, a few life limiting flaws caused high variability
at lower stress levels. Fractographic and energy dispersive x-ray spectroscopy (EDS)
analysis found these life limiting failures to be driven by the inclusion of foreign
matter rather than TiB particles. The inclusions found were smaller than the powder
size, and it was suggested that a finer mesh (less than 500 μm) would increase the
lower limit of fatigue performance and reduce its variability[10]. This study takes this
suggestion into consideration by using a finer mesh to reduce possible inclusion size
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to less than 150 μm.
Fatigue data is most often generated using a servo-hydraulic test system oper-
ating in tension/compression (axial loading) at low frequencies (<100 Hz). However,
there is great concern in using these results as design criteria for gas turbine engine
blades, as failure in these components occurs most often in multiaxial or bending
modes at high frequencies[11]. This study employs a test methodology developed at
AFRL’s Propulsion Directorate (RZ) to produce data in operating conditions com-
parable to that of gas turbine engine components[11, 12, 13]. By supplying a base
excitation to a square cantilevered plate in a two-stripe (4th harmonic) mode, a fully
reversed, uniaxial bending stress condition is generated at the free edge. The fatigue
results using this test method may provide justification for use as part of a more
inclusive suite of fatigue testing for metals development research in AFRL/RX.
1.2 Research Objectives
Boron modification of Ti-6-4 has shown to increase the performance of “first tier”
material properties of strength, stiffness, and ductility. However, there exists only
small amounts of data that illustrate “second tier” material properties such as corro-
sion characteristics, fatigue life behavior, creep behavior, etc. Given boron’s demon-
strated enhancement of strength, should second tier properties prove favorable in
comparison to Ti-6-4, the range of applications that boron modified titanium alloys
were previously considered could be greatly increased.
The main objective of this study is to assess the high cycle fatigue strength
(referred herein as “fatigue” unless otherwise specified) of Ti-6-4+1B at a constant
life of 106 cycles and how it compares to Ti-6-4, to identify the dominant failure
mechanisms, and to offer recommendations to reduce life-limiting flaws. Additionally,
the practicality of this unique, vibration-based test methodology for use in materials
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development will be assessed.
1.3 Methodology
The material used in this study was of nominal composition Ti-6Al-4V-1B by wt %.
The powder was produced by induction skull melting and gas atomization, which was
subsequently hot-isostatically pressed and forged.
Fatigue testing was performed with an electro-dynamic shaker system using a
step test method[14]. Fully-reversed bending (stress ratio (R) of -1) was created
by supplying a base excitation to a cantilevered plate in its 4th resonant mode at a
frequency between 1200 and 1650 Hertz depending on plate geometry. The strengths
were determined for a constant life of 106 cycles.
Each sample underwent fractographic and EDS analysis to identify and charac-
terize the failure mechanism. Additionally, metallographic analysis was performed
after fatigue failure to identify damage characteristics and behavior.
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2.1 Titanium Alloy Development
Titanium (Ti) naturally occurs as ilmenite (TiFeO2), titanomagnetite (TiFe2O4), and
three polymorphs of titanium dioxide (TiO2): rutile, anatase, and brookite[1]. The
most preferred form for extraction is the titanium rich and commonly found rutile.
Titanium is a highly reactive metal in its elemental form. It reacts with oxygen and
nitrogen in the air, in addition to many refractory materials[4]. As a result, the
extraction and subsequent manufacturing processes greatly affect its cost[6, 7].
Pure titanium undergoes an allotropic transformation at 882±2◦C[15]. Above
this temperature, the crystal structure is body centered cubic (BCC), and is referred
to as the β phase (Figure 2.1(a)). Below this temperature, the crystal structure is
hexagonal close packed (HCP), and is referred to as the α phase (Figure 2.1(b)).
(a) (b)
Figure 2.1: Crystal structures; (a) body centered cubic structure of β-Ti; (b) hexag-
onal close packed structure of α-Ti[16]
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Table 2.1: Classification of elements according to effect on the transformation tem-
perature of titanium[4]
α stabilizer β stabilizer
B, C, Ce, Ga, Ge, La, N, O, Al, S, Sn Ag, Au, Be, Nb, Co, Cr, Cu, Fe, H,
In, Mn, Mo, Ni, Pb, Re, Si, Sn, Ta,
U, V, W, Zr
This temperature is commonly referred to as the β transus temperature[2] and
denoted as Tβ. Alloying elements of titanium are classified by their effect on this
temperature. If the addition of the element increases Tβ, it is referred to as an
α stabilizer. Should the addition decrease Tβ, the element is referred to as a β
stabilizer. Generally, α stabilizers are simple (non-transition) metals, whereas the
β stabilizers are transition metals[1]. Common elements and their classification are
shown in Table 2.1 and solubilities of common stabilizing elements in both phases of
titanium are shown in Table 2.2.
Depending on the elements present and the processing procedures, titanium al-
loys can be classified as α, β, and α/β alloys, corresponding to the phases present
in the microstructure[1]. A pseudo-binary phase diagram of β stabilizers within a
titanium alloy illustrates how these alloys are classified based on their position (Fig-
ure 2.2). Additional classifications of “near α” and “near β” alloys refer to titanium
containing small amounts of β and α, respectively, and exhibit properties most like
that of the predominant phase.
2.1.1 Pure Titanium
Commercially pure (CP) titanium is stable in the α phase. Since titanium is highly
reactive in this state[4], several grades are available (Table 2.3) with lower grades
(designated increasing numerals) having lower allowable concentrations of additional
elements.
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Table 2.2: Solubilities of various stabilizers[4]
Element α solubility (wt%) β solubility (wt%)
B < 0.05 at 886◦C 0.1 at 1670◦C
C 0.48 at 920◦C 0.15 at 920◦C
N 7.5 at 1050◦C 2 at 2020◦C
O 15.5 at 1770◦C 2 at 1740◦C
Al 8.5 at 1000◦C 34.5 at 1460◦C
Ag 9 at 849◦C 30.5 at 1039◦C
Au 11 at 830◦C 22 at 975◦C
Cr < 0.5 at 675◦C Complete
Cu 2.1 at 798◦C 17 at 1009◦C
Fe < 0.2 at 590◦C 25 at 1085◦C
H 0.175 (7.8 at%) at 281◦C 2.1 (50 at%) at 640◦C
I ∼ 7 at 825◦C ∼ 30 at 1000◦C
Mn 0.5 at 550◦C 33 at 1175◦C
Mo 1 at 600◦C Complete
Nb 3 at 600◦C Complete
Ni < 0.2 at 770◦C 13 at 955◦C
Pb 16 at 725◦C 45 at 1305◦C
Si 0.45 at 856◦C 3 at 1325◦C
Sn > 18.7 at 865◦C 32 at 1600◦C
Ta 12.5 at 540◦C Complete
V 1-2 at 650◦C Complete





















Figure 2.2: Pseudo-binary section through a β isomorphous phase diagram[17]
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Table 2.3: Commercially pure titanium grades and allowable compositions[18, 19]
Element Grade 1 (ELI*) Grade 1 Grade 2 Grade 3 Grades 4A/4B
Nitrogen 0.012 0.03 0.03 0.05 0.05
Carbon 0.03 0.10 0.10 0.10 0.10
Hydrogen 0.125 0.125 0.125 0.125 0.125
Iron 0.10 0.20 0.30 0.30 0.50
Oxygen 0.10 0.18 0.25 0.35 0.40
Titanium Balance Balance Balance Balance Balance
*Extra low interstitial
With increasing concentrations of trace elements (most notably oxygen), tensile
strengths increase, but have a detrimental effect on ductility[20]. Having a lower
elastic modulus than that of other titanium alloys[6, 20, 21, 22], unalloyed titanium
has been increasingly used in biomedical[23] and dental applications[24] as it also
has excellent corrosion resistance[25] and biocompatibility[17]. In addition to finding
useful service in organic environments, titanium has found uses in which corrosion
resistance to salt solutions, nitric acid, and chlorine is desired[6].
2.1.2 α and Near α Alloys
Alloys of titanium that act to stabilize the α phase and increase Tβ are classified as
α alloys. Several of these alloys are listed in Table 2.4. These alloys are of a pre-
dominantly HCP crystal structure, and as such, have higher strength, increased creep
resistance, and lower ductility (especially at lower temperatures) than pure titanium





IMI 679 Ti-2.25Al-11Sn-5Zr-1Mo-0.2Si Near α
Ti-1100 Ti-6Al-2.75Sn-4Zr-0.4Mo-0.45Si Near α
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and alloys lean in α. Ductility can be enhanced by limiting the amount of interstitial
inclusions, however, at a debit to strength similar to that seen in increasingly pure
titanium grades[2].
2.1.3 β Alloys
Alloys of titanium that act to stabilize the β phase and decrease Tβ are classified
as β alloys. Several β alloys are listed in Table 2.5. As a BCC metal, β titanium
alloys have 12 active slip systems as compared to 6 in HCP metals. This translates
into lower energy requirements in manufacturing as a high degree of deformation is
possible at lower stress and temperature levels[27]. By increasing the amount of β
stabilizers and rapidly quenching from above Tβ, the β phase can be retained in its
entirety at room temperature[28, 29]. Increases in strength and elastic modulus can
be achieved through a controlled precipitation of α phase from the β matrix. As
with many processes used to increase strength, precipitation hardening of β titanium
alloys severely degrades ductility and toughness.
Table 2.5: Commercially available β alloys[17, 26]
Name Composition Designation
Ti-17 Ti-5Al-2Sn-2Zr-4Mo-4Cr Near β
Beta-CEZ Ti-5Al-2Sn-2Cr-4Mo-4Zr-1Fe Near β
Ti-10-2-3 Ti-10V-2Fe-3Al Near β
Beta 21S Ti-15Mo-2.7Nb-3Al-0.2Si Near β
Ti-LCB Ti-4.5Fe-6.8Mo-1.5Al β
Ti-15-3 Ti-15V-3Cr-3Al-3Sn Near β
Beta C Ti-3Al-8V-6Cr-4Mo-4Zr β
Ti-13-11-3 Ti-13V-11Cr-3Al Near β
VT-22 Ti-5Al-5Mo-5V-1Fe-1Cr β
9













Alloys of titanium that contain both α and β stabilizers are classified as α/β alloys.
Several α/β alloys are listed in Table 2.6. The microstructure of a typical α/β al-
loy contains a balance of both α and β phases. These alloys are heat treated at
a temperature within the α-β region (Figure 2.2) and are rapidly cooled to retain
an appreciable amount of the β phase. Aging the alloys to precipitate the α phase
can increase strength 30-50%[6]. The yield strength, ductility, fatigue strength, crack
propagation resistance and creep of these alloys are very sensitive to microstructural
characteristics[17]. These properties can be controlled by tailoring the thermome-
chanical processing techniques to yield a fully lamellar, bimodal, or fully equiaxed
microstructure.
2.1.5 Ti-6Al-4V
Of all the current titanium alloys, Ti-6-4, is the most widely used. It has a combina-
tion of attractive properties such as workability, scalability, fabricability, and weld-
ability that allow production of multiple mill products of varying sizes with the ability
to be made into complex hardware[2]. Additionally, Ti-6-4 has become the de facto
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standard to which all other titanium alloys are compared in material selection[2].
It exhibits superior strength[6], even at cryogenic and slightly elevated (<400◦C)
temperatures[2]. As a result of this unique suite of properties, Ti-6-4 is the most
favorable composition for aerospace applications.
2.2 Boron Modification
2.2.1 Titanium-Boron System
Many elements can form borides, mainly elements from groups 4-6 of the periodic
table[4]. These formed compounds (both monoborides and diborides) can be stable,
but lower borides of group 4 and 5 are an exception. Given that the atomic radii
of titanium and boron differ by more than 15%, by Hume-Rothery rules, boron is
essentially insoluble in solid titanium[4, 30, 31]. The phase diagram (Figure 2.3)
indicates three intermetallic phases: TiB, Ti3B4, and TiB2 that form at increasing
boron concentration respectively.
TiB is thermodynamically stable in both the α and β phases of titanium, with a
similar density and coefficient of thermal expansion (CTE) as titanium. Additionally,
TiB’s high strength and stiffness, crystallographic agreement with titanium, and habit
of forming long single crystal particles (Figure 2.4), or whiskers, make it an excellent
candidate for particle reinforcement[32, 33].
Table 2.7: Room temperature properties of titanium alloys[31]
Density CTE Elastic Modulus Strength or
(g/cm3) (×10−6 K−1) (GPa) hardness
Ti-6AL-4V 4.43 9.0 115 σy = 380 MPa
CP-Ti (Grade 3) 4.54 8.5 107 σy = 870 MPa
TiB 4.51 8.6 550 > 1100 Hv
11
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Figure 2.3: Titanium-boron phase diagram[15]
5 μm
Figure 2.4: TiB whiskers in Ti-6-4 matrix[9]
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Titanium with boron concentration below the eutectoid concentration of ∼ 8
atomic percent (hypoeutectoid concentrations), are referred to as alloys, whereas
boron concentrations higher than the eutectoid concentration (hypereutectoid concen-
trations), are referred to as a discontinuously reinforced (DR) titanium matrix com-
posite (TMC). At hypoeutectoid concentrations, TiB exists in relatively low volume
fractions (generally < 10%), and the material behaves similarly to particle strength-
ened alloys. At hypereutectoid concentrations, TiB exists in appreciable amounts,
and behaves similarly to other DR-TMCs[34].
2.2.2 Historical Timeline
Boron was first considered as an alloying element for titanium in a series of studies
performed in the 1950s at the Armour Research Foundation and the Royal Aircraft
Establishment[10, 35]. It was found that a boron addition of 0.5 wt % increased the
elastic modulus to a value similar to that which would be achieved by adding 6.5
wt % of aluminum. Little research was conducted after these initial findings, and
it is postulated that there was great difficulty in introducing boron to the titanium
matrix, and that other material properties (most notably ductility) were severely
degraded[34].
Interest in boron modification resurfaced in the 1980s, as Dynamet Technologies
Inc. looked to titanium carbide (TiC), titanium boride (TiB), and titanium diboride
(TiB2) particle reinforcement to enhance strength. Blended elemental powders un-
derwent a unique powder processing method developed to produce fully densified
compacts of uniform grain structure. Dynamet continued their research efforts into
the 1990s, and their work has resulted in the issue of a number of patents[34].
The 1990s found TiB research being conducted by several large entities. A NASA
and Boeing partnership, on the High Speed Civil Transport, evaluated various modern
alloys to improve aircraft structural efficiency. Boron modified Ti-6-4, Ti-6-22-22,
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and Ti-62S with concentrations of 0.5-0.8 wt % boron were considered, ultimately
ending with a scrapping of all as a result of poor mechanical properties, lower high
cycle fatigue performance, and increased difficulty of machining in comparison to
other titanium alloys[34]. Also in the 1990s, Toyota Motor Corporation developed
and implemented boron modified titanium alloys as intake and exhaust valves for
the Toyota Altezza. Development yielded a product that was 40% lighter than the
previous steel component, with reduction in engine noise and detrimental camshaft
torques, and increased maximum engine speed[36].
More recently, interest in developing TiB reinforced titanium alloys has been
rekindled, with efforts being led by a team at AFRL/RX[34]. Initial studies focused
on the influence of size and orientation of TiB particles on mechanical properties[37].
However, as the plausibility of this alloy system to be used for aerospace applications
increased, focus shifted to the effects of the manufacturing process, more specifically,
pre-alloyed (PA) and blended elemental (BE) powder metallurgy (P/M) processes[9].
These processes are outlined in Figure 2.5. It was found that the PA path was
preferred over BE, in that it was more economical and produced more desirable
microstructural features[9].
Early success justified additional research into the effects of heat treatment
and thermomechanical processing on microstructure[26, 38, 39], elevated tempera-
ture strength [40, 41, 42], creep[43], oxidation[35], and fatigue[10, 40, 42]. Although
data concerning these second tier properties for boron modified titanium alloys are
showing good agreement with or improved performance over their parent alloys, a
great deal of work needs to be performed before the material can be justified as an
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Figure 2.6: Boron concentration effects on the as-cast grain size[44]
2.2.3 Effects
Grain Refinement
Boron has been recognized as having a strong effect on the as-cast grain size[44, 45,
46, 47]. In the case of of Ti-6-4 and Ti-6242S, boron effectively reduced the grain size
by an order of magnitude[44]. The extent of boron modification is shown in Figures
2.6-2.8.
Initially, it was thought that the boride particles, either as innoculants or precip-
itants, served as initiation sites for titanium grains during solidification in a similar
fashion to that observed in aluminum alloys. However, these theories were refuted
by Cheng[47] in his hypothesis that grains were renucleated at the consititutionally
supercooled region at the solidification front. As the melt begins to solidify, boron is
rejected from the solid phase. At critical, and supercritical bulk compositions, this
rejection causes a localized buildup of boron at the solidification front, which causes
boride nucleation. These borides, in turn, draw more boron from the melt, caus-
ing localized cooling (constitutional supercooling), providing favorable conditions for
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Figure 2.7: As cast grain sizes of Ti-6-4 (top) and boron modified Ti-6-4 (bottom)[44]























































Figure 2.9: Schematic of cooling process illustrating (a) formation of β nuclei and
rejection of boron, (b) development of a boron rich layer at solidification fronts and
continued alloy nucleation, (c) TiB formation between solid β phase boundaries, and
(d) the solid transformation of β to α[44, 48]
rejected boron can be easily assimilated into the melt without effect on the grain size.
Figure 2.9 illustrates the solidification process.
Mechanical Properties
As with most ceramic reinforced alloys and composites, increasing amounts of rein-
forcement generally correspond to an increase in strength and stiffness. This is also
the case for boron modified alloys. In the as-cast condition, strength and stiffness
of Ti-6-4 can be increased up to 15% and 30% respectively with boron additions of
up to 1 wt % (Figure 2.10). Additionally, these strength increases are maintained
at elevated temperatures, which may lead to using boron modified titanium alloys in
higher temperature applications (Figure 2.11).
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Figure 2.10: Mechanical properties of boron modified Ti-6-4 castings at room
temperature[10]
Usually, ceramic reinforcement increases strength at the expense of ductility.
Due to the significant effect boron has on grain size, this is not the case for low
concentrations. At higher concentrations, there is an appreciable amount of boride
particles, severely degrading ductility (Figure 2.12).
Various heat treatments can have a drastic effect on mechanical properties. For
Ti-6-4, numerous heat treatments and their effect on mechanical properties are pre-
sented in Tables 2.8 and 2.9.
Boron-modified titanium alloys, show comparable fatigue lives to their unmodi-
fied, parent alloys at both room and elevated temperatures[10, 41]. This is considered
to be a consequence of load sharing by the strong, stiff TiB whiskers, and their hin-
drance of dislocation movement. The fatigue damage characteristics of boron modified
Ti-6-4 is generally confined to seven modes that dominate at increasing stress levels
respectively: transverse cracking of TiB whiskers, interfacial decohesion between TiB
whiskers and Ti-6-4 matrix, whisker pull out, α grain cracking, β grain cracking,




























Figure 2.11: Elevated temperature mechanical properties of boron modified Ti-6-4
castings[10]
Figure 2.12: Ductility of boron modified Ti-6-4 alloys at room temperature[10]
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Table 2.8: Common Ti-6-4 heat treatments[2]
Heat Treatment Procedure Comments
Stress relief anneal-
ing
2 to 4 hours, 595◦C
(1100◦F), air cool
Relieves residual stresses from welding,
forming etc. This cycle only provides a
partial stress relief, A full anneal must be






Most common heat treatment, has good




4 or more hours, 925◦C
(1695◦F), furnace cool to
760◦C (1400◦F) at 55◦C
(100◦F)/hour (or slower),
cool to 480◦C (900◦F) at
370◦C (700◦F)/hour (or
faster), air cool
Usually used for ELI material, Strength
comparable to above conditions, but im-
proved damage tolerance (fracture tough-
ness, stress corrosion resistance, reduced
crack growth rates). Strength lower for
ELI material.
Duplex annealing 10 minutes, 940◦C








Used as an intermediate stop for forming
material ultimately to be used in the STA
condition. Not to be used as a final condi-
tion due to instability.
Solution heat treat-
ment and age (STA)
10 minutes, 940◦C
(1725◦F), water quench,
plus 4 hours, 510-540◦C
(950-1000◦F), air cool
Highest strenght condition, but less ductil-







plus 4 hours, 675◦C
(1245◦F), air cool
Strength intermediated between annealed
and solution heat treated and aged (STA),
but improved ductility and damage toler-
ance compared to STA.
Beta annealing 30 minutes, 1035◦C
(1895◦F), air cool, plus 2
hours, 730◦C (1345◦F),
air cool
Used to maximize damage tolerance prop-
erties. These properties are attained with
a slight loss of ductility and a significant
fatigue loss. A preliminary treatment fol-














plus 2 to 4 hours, 675-
730◦C (1245-1345◦F), air
cool
Similar to beta anneal with improvement
in fatigue performance. May be preferable
to beta anneal because of improved gatifue
properties, but at a cost in damage toler-
ance properties.
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Mill anneal 1020/148 951/138 ... 43/39
930/135 869/126 15 ...
930/135 860/125 10 55/50
STOA
ELI 1000/145 895/130 12 60/55
STD 1000/145 938136 ... 47/43
Recrystallize anneal
ELI 930/135 860/125 10 83/75
STD 1000/145 931/135 ... 56/51
Beta anneal
ELI 860/125 795/115 8 99/90
STD 990/144 910/132 11 95/86
Duplex anneal
ELI (forged) 892/129 814/118 12 124/112
STD (plate) 931/135 903/131 16 ...
ELI (sheet) 945/137 895/130 15 176/160
STD (bar) 1014/147 903/131 17 ...
ELI (bar) 934/136 832/121 13 90/82
Beta, STOA
ELI 938/136 860/125 11 134/122
STD 972/141 900130 9 ...
Beta STA, STD 1172/170 1069/155 8 ...
Solution treat and age 1270/184 1181/171 16 ...
Solution treat 1117/162 951/138 17 ...
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Figure 2.13: Scanning electron micrographs of axial, fatigued (σmax=480 MPa, R=0.1,
f=10Hz) Ti-6-4+0.5B showing (a) multiple transverse cracking in TiB whiskers and
interfacial decohesion between TiB whiskers and matrix after 125,000 cycles; (b)
greater extent in transverse cracking and interfacial decohesion along with some
whisker pull-out after 268,000 cycles; (c) crack initiation in the α phase after 145,000
cycles; (d) that crack initiated in β phase after 145,000 cycles; (e) matrix crack ini-
tiation from interfacial cracking after 145,000 cycles; (f) matrix crack initiation from
transverse cracking in TiB after 145,000[49]
from initial transverse TiB cracking (Figure 2.13)[49].
Variation in boron concentration and processing can affect fatigue performance.
Lower concentrations of boron (∼ 0.1 wt %) have been shown to perform better
than higher concentrations (∼ 0.8 wt %) and unmodified alloys[40]. In some cases,
higher concentrations of boron have led to a decrease in fatigue life, as fatigue cracks
initiate from microcracks of TiB particles[49]. Mechanical processing affects the as-
cast microstructure by aligning TiB whiskers. Although this alignment enhances the
static strength performance, this can be detrimental to fatigue, if loading occurs along
the alignment axis[40].
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2.3 Pre-Alloyed Powder Metallurgy
Boron-modified titanium alloys can be synthesized by a variety of both conventional
and non-conventional techniques[32] to produce desired properties by controlling size,
aspect ratio, alignment, etc. of microstructural phases. More conventional ingot met-
allurgy techniques generally produce large grain sizes and non-uniform distribution
of particulates[50]. This requires additional ingot breakdown and homogenization
to obtain the desired microstructure and mechanical properties. Powder metallurgy
techniques eliminate this need at a significant cost savings.
2.3.1 Induction Skull Melting
As mentioned in Section 2.1, titanium is highly reactive in its elemental form, so
it must be protected from both refractory crucibles and oxidizing environments in
its liquid form. Induction skull melting (ISM) is a process developed by Flowserve
Corportation that satisfies these two conditions. ISM uses a copper, water-cooled
crucible under a controlled environment (inert gas or vacuum) using a high frequency
alternating current coil. A layer of the metal remains frozen to the crucible wall,
forming a solid “skull” of titanium that prevents contact between the molten metal
and the crucible. The magnetic field produced by the induction coils also serve to
stir the molten metal, promoting a homogenous mixture[51]. Figure 2.14 is a general
schematic of such a setup.
2.3.2 Powder Synthesis
Following the melting process, the liquid is bottom poured from the crucible and
atomized in a high pressure, inert gas environment. This high pressure gas serves to
rapidly cool the molten metal into roughly spherical shaped powder and deliver it to








Figure 2.14: ISM schematic[51] including (a) stirring pattern, (b) molten metal pool,
(c) water cooled crucible segment, (d) water cooled induction coil, (e) copper crucible
barrel, (f) copper crucible base plate, (g) crucible cooling water system, (h) coil
cooling water system
Figure 2.15: Model of 45kg bottom-pour titanium gas atomization unit used in pre-
alloyed approach[10]
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Table 2.10: Standard mesh designations and nominal sieve opening sizes for fine
chemicals[53]










After collection, the powder is then sieved through a mesh in order to limit
maximum powder size to that of the seive opening. This is done to reduce the
amount and/or size of foreign inclusions, the dominant crack initiation mechanism
found in fracture critical P/M components. Standard mesh designations and their
corresponding opening size are included in Table 2.10 and representative micrographs
of these powders are shown in Figure 2.16.
This reduction in possible powder inclusion is acheived at great expense, with
smaller powder sizes having significantly higher cost. Additionally, it is important
to note that metallic powders are capable of sustaining combustion, given a suitable
powder to oxygen ratio and an ignition source, with smaller powder sizes increasingly
capable of undergoing a spontaneous pyrophoric reaction. Therefore, larger powder
sizes are preferred, as they are more stable and economical.
2.3.3 Thermomechanical Processing
After collection, the powder is degassed and sealed, and then generally undergoes a
prescribed series of processes that generally includes cold and/or hot isostatic pressing
(CIP/HIP) and a heat treatment before finishing as a forging, rolled plate or sheet,
or extrusion.
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Figure 2.16: Morphology of (a) -35 and (b) -100 mesh sizes and their respective
microstructure (c, d) respectively prepared by ISM[39]
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2.4 Fatigue Testing
Fatigue is a result of cyclical loads or stresses, and can be categorized into low-cycle
fatigue (LCF) or high-cycle fatigue (HCF). LCF consists of high stresses that result
in plastic deformation of the material, wheras HCF consists of lower stress levels that
result in predominantly elastic deformation of the material.
2.4.1 Historical Development
The first fatigue study is attributed to Wilhelm Albert in 1837, with a study of mine
conveyor chains[54], however, the first accurate assessment of fatigue behavior was
performed by William Rankine, as he implied that initiation and growth of brittle
cracks in railroad axle keyways caused mechanical failure[54, 55]. This was a topic of
great interest to the civil engineering community, as railroad failures were becoming
more common, with increasingly more casualties[56]. The term “fatigue” was coined
in 1854, referring to a “progressive deterioration” of metals[57]. In the latter 1800s,
August Wöhler continued study on railroad axles, investigating the stress-cycle (S-
N) relationship to develop S-N tables (later plotted as S-N, or Wöhler, curves) and
proposed that materials have an endurance limit, or a stress level in which fatigue
failure will not occur[54].
The early 20th Century saw the first metallurgical description of the fatigue pro-
cess, as Ewing and Humfrey identified microcracks on the surface of rotating-bending
specimens as the source of final fatigue failure in 1903[54]. Leading up to World War
II, the effects of notches, corrosive environments, machining marks, temperature, pre-
stressing, residual stresses, fretting, frequency, and surface hardening techniques on
the fatigue life were investigated, with increasing focus on aviation failures, as frequent
mishaps were making them the “railroad axle issue” of its time[54]. This impetus,
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coupled with more modern techniques (strain gages, load spectra, test machines, data
recording), led to more accurate assessment and an ever increasing knowledge base of
fatigue behavior. As a result, design methods accounting for fatigue were developed.
Palmgren hypothesized that fatigue is a linear accumulation of damage (later pop-
ularized as Miner’s Rule), and suggested that design should be based on a B10-life
(10% of a given population will fail) criterion[54]. Coffin and Manson studied fatigue
in cyclic application of inelastic strains, effectively bifurcating the study of fatigue
into the field of low cycle fatigue and high cycle fatigue[54].
The latter 20th Century, saw an increased study on fatigue crack propagation.
Prediction of crack growth behavior was proposed by Paris[58], with his name even-
tually being used for the “law” that would develop from his work, which is widely
used to this day[54]. In 1974, the United States Air Force (USAF) issued structural
specifications on damage tolerance, stating that crack-like defects can be assumed to
be present in all critical points of a structure[59]. This was mainly to address issues
with failed aircraft components that had previously passed inspection[54]. Although
a very conservative approach, this method proved effective, as accidents due to fatigue
failure were greatly reduced after its implementation[54].
Despite the ever increasing focus on fatigue, problems remain. Fatigue perfor-
mance is still mainly determined based on a constant stress amplitude, which fails
to accurately represent true loading conditions in operation. Furthermore, multiax-
ial stress behavior is not sufficiently characterized or presented for design purposes.
Adding effects of environment (corrosion, temperature, etc.), the variability, and con-
versely the predictability, of fatigue life is greatly increased. In order to increase
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confidence in design, fatigue testing must be performed using specimens with rep-
resentative part geometry in environments and loading conditions similar to those
of operation[54]. Figure 2.17 illustrates this difference by presenting fatigue data of
fully reversed axial and bending data. It is important to note that the bending fatigue
stress is of higher magnitude than that of axial fatigue. This is consitent with many






































 Ti-6-4 Plates 
 Ti-6-4 Tensile 
Figure 2.17: Fully reversed fatigue data for Ti-6-4 generated in tension/compression
of dogbone specimens (blue series) and bending of cantilevered square plate (red
series)[60]
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2.4.2 Vibration Based Methods
Most often, fatigue failure in gas turbine engines occurs as a result of HCF[61] caused
by vibration. The sources of these vibrations are summarized in Table 2.11. For
exmple, at a moderate operating speed of 35,000 revolutions per minute (rpm), rotor
imbalance can cause an accumulation of 2.1×106 cycles for each hour in operation[63].
At this rate, 109 cycles are reached in less than 500 hours. For vane passing, given
a representative engine with 59 blades and 19 vanes, at 35,000 rpm, 12.4 × 107 and
39.9 × 106 cycles are accumulated for each hour of operation respectively[63]. For
the blades, 109 cycles are accumulated in about 8 hours of operation. Given the
Table 2.11: Turbomachinery excitations[62]




Forced Unbalance (1 * N)
Vane passage (1 * M)




Combustors (No. of combustors * N)
Rotor/stator rubbing
Rotating stall (1/3 * N)
Coupling misalignment (1 * N and 2 * N)
Cavitation, or recirculation, in pumps
Self excited Flutter/vortex shedding
Loose hub connection
Shaft hysteresis (1/2 * N)
Oil film whip (1/2 * N)
N = Rotor frequency




Figure 2.18: Vibration induced bending mode failure of second stage turbine blade[64]
possibility for such high cycle counts in such a short time, careful practices must be
used to ensure a safe design of fracture critical engine components. Typically, fatigue
is of a bending or multi-axial loading in a high order bending or torsion vibrational
mode for blades[11]. A failed turbine blade, and its corresponding failure mode von
Mises stress field is shown in Figure 2.18.
As a result of the unique conditions that comprise HCF of gas turbine engine
blades, a vibration based method was developed by a joint team of AFRL/RZTS,
AFRL/RX, and Ohio State University researchers[11, 13, 65]. This method utilizes
an electro-dynamic shaker that applies a base excitation to a cantilevered (fixed-free-
free-free boundary condition), square plate (Figure 2.19).
This clamp-specimen configuration is more representative of how engine blades
are fixed, as compared to uniaxial testing. Figure 2.20, shows an assembly of blades
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Figure 2.19: Electro-dynamic shaker setup
along with a single blade. The “fir tree” section at the bottom of a single blade fits
into a corresponding slot in the disk, essentially reducing the system to a cantilevered
boundary condition at operational speeds.
At a given natural frequency, there exists a characteristic deformed shape com-
monly referred to as the mode shape. The first five mode shapes for a cantilevered
(a) (b)
Figure 2.20: Model of (a) a circular arrangement of an assembled disk-blade section
and (b) a single blade[64]
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square plate are shown in Figure 2.21.
Additionally, mode shapes can also be characterized by nodal lines, around which
are areas of low displacement. This was first discovered by Galileo[66] and Hooke[67]
in the 1600s, and later published by Chladni in 1787[68]. Chladni and Hooke devel-
oped a technique covering a plate with flour or sand and drawing a bow across the
surface to induce vibration. At resonance, the flour or sand would settle into nodal
areas. Chladni published drawings of more than 70 nodal plots of circular, copper
plates[68, 69], and, as a result of this prodigious effort, node line plots are sometimes
referred to as Chladni figures. There are more modern techniques available to charac-
terize a mode shape, however, this technique remains a quick and easy way to visually
identify mode shapes. For a square, cantilevered plate, Chladni figures are shown for
the first five modes in Figure 2.22. Chladni figures are further discussed in Section
3.4.6.
As with displacement, at resonance, there is a characteristic stress field. Modes
3 (Figure 2.21(c)) and 4 (Figure 2.21(d)) are two of the more common mode shape
families[70], and as a result, are often of great interest for turbine engine fatigue
testing[71]. Figure 2.23 shows a representative compressor blade in its 8th resonance
mode with two regions of high stress similar to modes 3 and 4 of a square, cantilevered
plate.
This study focuses on mode 4, commonly referred to as two-stripe, for its charac-
teristic node line pattern. For this mode, the von Mises stress is shown in Figure 2.24
with identification of a region of high stress located along the free edge, commonly





Figure 2.21: Characteristic shapes of (a) mode 1 (1st bend), (b) mode 2 (1st torsion),
(c) mode 3 (2nd bend), (d) mode 4 (1st chordwise bend, or two-stripe mode), and (e)
mode 5 (2nd torsion) of a square, cantilevered plate
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Figure 2.23: Displacement(a) and von Mises stress(b) for the 8th resonant mode of a
representative compressor blade showing regions of high stresses similar to both bend
and chordwise bend mode families
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Fixed Edge
Figure 2.24: Fatigue zone in two-stripe mode for a square, cantilevered plate
According to classic elastic beam and plate theory, there exists a surface within
a deflecting body that has a zero stress state. This is referred to as the neutral plane,
and for cantilevered plates, this plane is coincident with the midplane. As a result,
high stresses are confined to the surface, and diminish significantly through small
thicknesses. The highest stress is located at the midpoint of the free edge, and is
the most likely location for fatigue crack initiation, with cracks propagating in the
spanwise direction. Some deviation from the midpoint is common and is likely caused
by out-of-square specimens, small thickness variations, or anisotropy, but is generally
confined to a deviation of less than 5% of plate width.
Since the fatigue zone is reduced to a small region the likelihood of initiating a
crack from a subsurface flaw is unlikely. This is a drastic departure from the more
common axial fatigue testing procedure, where the fatigue zone, in some cases, can
approach the cubic centimeter range (Figure 2.25). This stark difference in test meth-




Figure 2.25: Fatigue zone in standard uniaxial fatigue specimen[10]
or P/M alloys, as life limiting flaws could be located in a lower stress region.
2.5 Fatigue Variability
Design of fatigue critical components is difficult, since fatigue strengths can exhibit
high variability. In order to ensure a safe design, the lower limit to fatigue strength is
used. The common practice used by the USAF is to retire all parts of a given produc-
tion at the point in which failure probability reaches 0.1% (Figure 2.26)[72]. Should
the fatigue performance have high variability, this 0.1% retirement threshold can be
shifted well below the mean, despite the majority of these parts having substantial
usable life remaining. Controlling the lower bound of fatigue strength would lead to a
“tightening” of the probability distribution, therefore increasing this 0.1% threshold,
resulting in significant cost savings.

























Figure 2.26: Current USAF approach for management of fracture critical components
in military aircraft[72]
neither differentiates between crack initiation and crack propagation, nor offers sig-
nificant insight into damage mechanisms[73]. Probability of failure is commonly rep-
resented as a single distribution, whereas recent studies have identified competing
mechanisms, governing fatigue failure[74].
For Ti-6-4, fatigue envelopes for both powder and traditional ingot metallurgy
are shown in Figure 2.27. BE and PA P/M alloys do not share signifigant portions of
their fatigue envelopes, with PA having increased strength and increased variability.
Control and minimization of chlorine levels within BE powders increases strength and
decreases variability, as does heat treating of both powder methods.
2.5.1 Crack Initiation Sites
Within these envelopes, there are competing modes that govern crack initiation[74].




















104 105 106 107
Cycles to Failures (Nf )
IM
PA
treated BE or PA
low Cl BE
BE
Figure 2.27: Comparison of room temperature fatigue life scatter bands of mill an-
nealed ingot metallurgy (IM) to blended elemental (BE) and pre-alloyed (PA) Ti-6-4
compacts[23]
levels. Analysis of fracture surfaces using microscopic and chemical identification
techniques prove to be beneficial in determining these flaws, however, it is sometimes
difficult to obtain accurate information and to identify the crack initiation site[75].
The most commonly occuring sources are surface flaws, foreign inclusions, and poros-
ity.
Surface Flaws
Surface flaws are generally introduced in the machining process, however, improper
handling of the material can also result in scratches or pitting. Significant stress
concentrations may occur on the surface due to these sharp, local geometry variations.
Fatigue cracks are more often found initiating from the surface[73], so surface finish
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plays a significant role on fatigue performance. These stress concentrations are more
detrimental to small grained materials, so additional care must be taken to preserve
a fine surface finish for boron-modified titanium alloys.
Inclusions
Specifically within PA P/Mmaterial, inclusions are the most frequent source of fatigue
cracks. Obtaining an inclusion free powder is nearly impossible[76], as inclusions can
be picked up along the entire production process. The major contaminants of PA
powders are aluminum, silicon, calcium, magnesium, and iron[77].
Porosity
More often found in BE powder compacts, fatigue cracks can originate at pores, or
voids, within the material. Pores are more often found near the surface of compacts,
as this area is subject to higher slip activity during the compaction process[75]. Sub-
sequent thermomechanical processing of the compact generally decrease subsurface
porosity, whereas machining of the surface can eliminate many near-surface pores.
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Procedures
In this study, a few different naming conventions are used to describe directionality.
Figure 3.1(a) defines direction based on a cylindrical coordinate system, matching
nomenclature used to describe open die forgings. The axial direction is defined as
normal to the top and bottom surface, and consequently the forging direction. The
radial direction is defined as the direction coincident to the radius of the forging.
The circumferential direction is defined as the direction normal to both the axial and
radial directions. Figures 3.1(b) and 3.1(c) define alternate nomenclatures used to
describe the fatigue plate specimens as z and thickness directions parallel with the
axial direction, y and spanwise directions parallel with the radial direction, and x and










Figure 3.1: Various nomenclature used to describe directionality in this study
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3.1 Material
The Ti-6-4+1B material tested in this research effort came from a research and de-
velopment contract program of AFRL/RZTS. The pre-alloyed powder metallurgy ap-
proach and subsequent thermomechanical processing steps shown in Figure 3.3 were
used to fabricate an open die forging in a mill annealed condition. After forging, the
material was stress relief annealed and machined to a thickness of 3” and a diameter
of 17.5” (Figure 3.3).
From this forging nine tensile samples and 18 flat plate fatigue samples were
extracted. Due to the limitations of the size of the forging, all of the flat plate
fatigue samples were extracted with their mode four fatigue zone stress oriented in
the circumferential direction at two positions along the radius. A detailed discussion
Pre-alloyed powder 
Degas & seal 
Hot isostatic pressing 
Heat treatment 
Open die forging 
Figure 3.2: Thermomechanical processing steps
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Figure 3.3: Test forging as machined
of these samples and their preparation can be found in Section 3.4.2.
3.2 Microstructure
Metallographic specimens were extracted from the forging at a depth of 0.25” and
1.125”, near the fatigue zone for both plate orientations. Each sample was mounted
in a conductive material and polished with decreasing sized polishing media to a 1
μm, mirror-like finish. All steps were in accordance with ASTM standard E3-01[78].
Micrographs of these areas are shown in Figures 3.4-3.7. In each, the black regions
are TiB, the dark gray are the α phase, and the light gray are the β phase.
The images of the axial plane furthest from the midplane (low deformation areas)
indicate that the TiB whiskers were randomly oriented before forging. Images of
the radial and circumferential plane indicate alignment along the circumferential and
radial directions respectively, with higher degrees of alignment nearer to the midplane



























































In order to determine the first tier material properties of the Ti-6-4+1B forging,
tensile tests were performed three times in each characteristic direction. Each test
was conducted according to ASTM standard E8-09[79], a standard testing method
specification developed for metallic materials. An MTS 810 Material Test System
(Figure 3.8) was used to determine the tensile properties.
The results from tensile testing are summarized in Table 3.1 and illustrated by
Figures 3.9–3.11. The yield strengths in each direction were higher than that of Ti-
6-4 ELI. The axial direction showed the lowest increase of yield strength with a 6.2%
increase, whereas the radial direction showed the greatest increase at 21.4%. The
ultimate tensile strength shows similar results with the axial direction with a 15.0%
 
 &  $ 
Figure 3.8: MTS 810 system[10]
49
Table 3.1: Tensile test results[80]
Direction Yield Stress Ultimate Tensile Elongation Elastic Modulus
(MPa/ksi) Stress (MPa/ksi) (%) (GPa/Msi)
Axial 842/122.1 991/143.7 5 122/17.70
Circumferential 926/134.3 1020/148.0 13 137.2/19.90
Radial 963/139.6 1054/152.9 12 129.5/18.78
increase, and the radial with a 22.3% increase over ELI Ti-6-4. Elongation suffered a
debit in the axial direction, however the circumferential and radial directions exhibited
higher elongation. The stiffness was greatest in the circumferential direction, with an
increase of 20.4%, whereas the lowest stiffness occurred in the axial direction, only




























































































Figure 3.11: Elastic modulus comparison between test forging and Ti-6-4 ELI[80]
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3.4 Fatigue Testing
Fatigue testing was conducted in the Turbine Engine Fatigue Facility (TEFF), a part
of AFRL/RZTS at Wright-Patterson Air Force Base (WPAFB).
3.4.1 Test Fixture
Fatigue testing was performed using a Ling 18,000 lbf electro-dynamic shaker. The
top of the shaker, referred to as the shaker table, is outfitted with a clamp as shown
in Figure 3.12.
The fatigue specimen is clamped between two blocks. The clamped section is 2”
by 4.5”, with two guide shafts to aid in the alignment of the test specimen, mechan-








Figure 3.12: Clamp setup[70]
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3.4.2 Sample Preparation
From the test forging, 18 flat plate fatigue specimens were extracted. A 7.5” by 5”
block was water jet cut from the forging as shown in Figure 3.13. From this block,
plates were wire electrodischarge machined (EDM) to a nominal size of 7” by 4.5” by
0.125” with two 1” holes to accommodate the clamp guide shafts (Figure 3.14).















Figure 3.14: Fatigue specimen geometry (a) as machined and (b) effective testing
area
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Half of the plates were oriented with their two-stripe mode fatigue zone located
near the outside diameter of the forging and designated with a “T” for a top con-
figuration (Figure 3.15(a)). The other half of the plates were oriented with their
gage section located 7” to the interior of the forging and designated with a “B” for a
bottom configuration (Figure 3.15(b)). They were then numbered in ascending order
based on their relative position along the thickness (Figure 3.15(c)).
After EDM, the plates were visually inspected. Plate T1 was immediately re-
jected due to visible bowing. The remaining plates were low stress ground to remove
the recast layer from the EDM process. After grinding, plates T2, T9, B1, B2, and
B9 were rejected due to visible bowing. Given the position through the thickness of
the rejected plates, the bowing was attributed to a differential in residual stress, but
was not confirmed. Furthermore, plates T6, T7, B5, and B6 were polished on one
side to a one-μm, mirror-like finish, in the same method used to prepare samples for
metallographic analysis. Polishing on both sides would have been preferred, however,
obtaining a mirror finish on subsequent sides was achieved at the expense of the finish
of the other side. Plates in various states of preparation are shown in Figure 3.16.
Length and width measurements for each plate were made using a Starrett hard-
ened stainless steel caliper. The thicknesses were measured using a Mitutoyo SR44
digital micrometer. Average plate dimensions are shown in Table 3.2.
After plates were extracted using EDM, the density was determined from the


























Figure 3.15: Flat plate fatigue specimen designation and position (a), (b) within the
axial plane (top and bottom configurations respectively) and (c) thickness
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Figure 3.16: Plate conditions in various states of preparation. From left to right: as
extracted, as EDM, as ground, as polished. The dark appearance of the as polished
condition is an artifact of the lighting conditions during photography.
Table 3.2: Plate dimensions
Plate ID Length (in) Width (in) Thickness (in)
T3 4.522 4.495 0.1149
T4 4.509 4.499 0.0818
T5 4.515 4.497 0.0951
T6 4.496 4.515 0.1177
T7 4.511 4.496 0.1147
T8 4.459 4.497 0.1181
B3 4.493 4.498 0.1181
B4 4.523 4.496 0.1192
B5 4.527 4.495 0.1173
B6 4.521 4.495 0.1149
B7 4.500 4.497 0.1186












where m is mass and V is volume. The measured density agrees with the handbook
value for density of Ti-6-4 of 0.160 lbf/in3[81].
3.4.3 Data Collection
Strain Gages
The strain gages used for this testing were CAE-13-062UW-350 type gages, manu-
factured by Vishay Micro-Measurements. Before mounting, the surface was prepared
with 600 grit size silicon carbide paper. The surface was then cleaned with a mildly
acidic conditioner, and treated with a mildly alkaline neutralizer to prepare the sur-
face for good adhesion. The gage was treated with a developing agent, which speeds
the curing process. Once the developing agent was dry, a drop of cyanoacrylate adhe-
sive was applied to the midpoint of the free edge, and the gage was attached. Closer
to the root of the plate, a terminal strip was applied using the same technique. Thin
gage wires (34 AWG) were soldered to the terminals on the strain gage and to the
terminal strip and adhered to the plate using a polyurethane sealer. This is done to
relocate the connection point for the strain gage instrumentation to a location with







Wires to signal  
conditioner 
Figure 3.17: Mounted strain gage setup
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Laser Vibrometer
At high stress, and high deflection, the strain gage signal is lost due to failure of the
adhesive, discontinuity of internal strain gage wires, or a discontinuity at a solder
joint. In order to take data at higher stress levels, strain at the fatigue zone is
correlated to displacement at a predetermined reference point. Laser vibrometry was
used to measure plate response at the location shown in Figure 3.18. This location was
chosen because its two-stripe mode velocity at high stress levels fell within equipment
limitations for accurate measurement.
The Polytec R© Laser Doppler Vibrometer system (Figure 3.19) used in the TEFF
consists of a laser head and controller. This system uses interferometry to measure
velocity. A beam of a helium neon laser is focused on a small reflective laser spot






























Figure 3.19: Polytec Laser Doppler system. Subscripts “0” and “mod” represent the
reference and modified signal properties respectively[82].
interferometer inside of the laser head. The interferometer compares the phase (φ)





where fD is the Doppler frequency shift, v is the velocity, and λ is the laser wavelength[82].
The laser controller decodes the signal from the interferometer, and outputs a voltage
signal proportional to the instantaneous velocity.
Accelerometer
The accelerometer used in this study was a charge type Endevco model 2271A piezo-
electric accelerometer. Acceleration of the shaker fixture was used as a control during
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sine sweeps (Section 3.4.4), as a check that force on the system was scaling with input
voltage, and to enforce an upper limit to ensure equipment was operating within its
specifications.
3.4.4 Sine Sweeps
Sine sweeps were used to determine resonant frequencies of the test plates. Addition-
ally, these sweeps serve as a measure of quality of the cantilevered boundary condition
imposed by the clamp. The sweeps were controlled by an Unholtz-Dickie (UD) control
system shown in Figure 3.20. Feedback control was achieved using the UD Vwin R©
version 4.74 software.
Each plate was clamped between the two mounting blocks which were then bolted
Figure 3.20: Unholtz-Dickie control system
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to the shaker. At a constant acceleration, the test plates were swept rapidly (∼
400 Hz/s) across a wide frequency range(∼ 1000 Hz). This was done to quickly
identify the mode 4 resonant frequency. Since frequency decreases with increasing
excitation and slower sweep rates, additional sweeps were conducted at increasingly
higher acceleration, more narrow frequency ranges (< 100 Hz), and at slower sweep
rates (< 100 Hz/s) in order to “zero in” on the steady state resonant frequency.
These sweeps also served to settle the plate in the clamp, minimizing its effects during
calibration and fatigue testing.
Clamping effectiveness is measured by the amount of damping from the response.
The damping ratio is calculated using the half-power bandwidth method (Figure













and ωr is the resonant frequency[83]. The quality factor, Q, is inversely proportional
to the damping ratio. Originally developed as a measure of signal clarity in electrical
systems, it also serves as an indicator of energy dissipation in mechanical systems. Q











Figure 3.21: Half power bandwidth method[83]
For this study, a high quality factor was desirable (> 600). Sequential sweeps
of higher amplitude and slower rates generally increased Q as the plate settled into
the clamp, and as the signal-to-noise ratio increased. If initial sweeps yielded a low
Q (< 600), the clamp, signal conditioners, controllers, and amplifiers were rechecked
for proper setup. If, after adjustment, the sweep still resulted in low Q values, the
specimen was determined to be at fault. Generally, low Q’s in specimens can be
attributed to poor clamping, air damping in the case of thinner (< 0.100”) plates,
or a discontinuous material (macro cracking) dissipating energy in fretting or crack
propagation. The first few sweeps for plate T3 are shown in Figure 3.22.
For Figure 3.22(d), the peak velocity is 21.10 mm/s at 1553.2 Hz. Using the half




are 1552.4 Hz and 1554.1 Hz respectively. Therefore, using Equations 3.3 and 3.4,


































































































































Figure 3.22: Sine sweeps for plate T3: (a) 1556.2 Hz at 0.5 g and 425 Hz/s,(b) 1553.8




For this study, the Vwin software was used in Sine Monitor Analysis Response Tool
(SMART) mode. This mode allows for the manual control of both the frequency and
voltage of the input signal. The frequency was tuned to match the experimentally
determined resonant frequency from the sine sweeps. Input voltage was increased
incrementally and allowed to settle to a steady state. Generally, the system took no
longer than ten seconds to settle. Once at steady state, the frequency, velocity at
the laser target, and the strain in the fatigue zone were recorded. This was repeated
until the strain measured was on the order of 500 με, or roughly 68.9 MPa (10 ksi).
Calibrating to higher strains would lead to a more accurate calibration curve, but
these strain levels can lead to premature damage accumulation that could produce





where d is the displacement, v is the measured velocity, and f is the measured fre-
quency in Hertz. The laser target displacements were graphed as a function of strain,
and fit with a linear curve fit constrained at the origin (Figure 3.23) and yields a
calibration scaling factor F according to Equation 3.6.
F = ε/d (3.6)
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y = 26600x 
R2 = 0.999 
y = 25600x 

















Figure 3.23: Plate T3 calibration curve with two gages
The calibration curve for plate T3 is shown in Figure 3.23. For this plate, two
sides were gaged and calibrated with the lower value scaling factor having a 3.5%
difference from the higher value. This was done to quantify the possible error of stress
measurement based on gage application. Calibration of other plates was conducted
using only one gage, with an associated error of 3.5%.
In some cases, the strain gage would remain active at strain levels much higher
than that used for calibration. For plate T6 (Figure 3.24, the calibration curve was
adjusted with an additional point at 710 με. This additional point changed the scaling
factor by 2.6% and was a departure from the desired strain of 753 με, an error of 5.7%.
3.4.6 Chladni Figures
66
y = 19200x 



















Figure 3.24: Plate T6 calibration curve with additional point at 710 με
Due to some question of the extent of residual stress in the test plates, visual verifica-
tion of the mode shape was performed by covering the surface with a small amount of
talcum powder at a low amplitude frequency dwell. At resonance, this powder settles
in areas of low deflection in a characteristic pattern for a given mode shape known
as a Chladni figure. Figure 3.25 shows the idealized out of plane displacements from
the FEM model, and Figure 3.26 shows plate B4 at a low amplitude dwell. Figures
3.25(b) and 3.26 show the same pattern. In all plates, position of the terminal end of
the node lines differed by no more than 0.080”. This difference is roughly the same





Figure 3.25: Idealized mode 4 out of plane displacements from FEM(a) and its
bounded region of low displacement (b)
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Figure 3.26: Plate B4 mode shape verification
The 106 bending fatigue strength was determined using an HCF step test method
developed by Maxwell and Nicholas[14]. This method begins by selecting a starting
stress well below the expected fatigue strength. This stress is applied for a 106 cycles,
and if failure does not occur, the stress is then “stepped” up, and the test is repeated
until failure. It is preferred that the step sizes are roughly 10% of the expected fatigue
stress. The failure stress is calculated using Equation 3.7






where σfail is the estimated failure stress, σpr is the stress level from the previous
step, Nfail is the number of cycles completed at the stress level of failure, Nstep is the
number of cycles in a complete step (106 for this study), and Δσ is the step size. For







where tstep is the time of a completed step in seconds, and f is the resonant frequency
in Hertz recorded during calibration. Time of failure was recorded and Nfail was
calculated using Equation 3.9
Nfail = tfail ∗ f (3.9)
where tfail is the time of failure.
Common practice when step testing Ti-6-4 in the TEFF is to start at 344 MPa
(50 ksi) and use a step size of 69MPa (10 ksi). Because Ti-6-4+1B is considered
a developmental alloy that was previously shown to have life limiting flaws[10], the
beginning stress level was initially chosen as 172 MPa (25 ksi) with a step size of 34.5





where ε is strain, σ is stress, and E is the experimental Young’s modulus. From
the strain-displacement calibration curve, target velocities for a given stress were





where vtarget is the target velocity, f is the resonant frequency in Hertz, F is the
scaling factor from the calibration curve, and ε is the strain at the prescribed stress
level. Target values for plate T5 are shown in Table 3.3.
Once these target velocities were calculated, the plate underwent a procedure
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using the SMART mode of the Vwin software package. The drive voltage was in-
creased at the resonant frequency until the desired velocity was attained. Fine tuning
of the drive and frequency is often needed as the plate’s frequency shifts with increas-
ing amplitude and with clamp settling. Table 3.4 shows all of the data monitored
during a step test. In most cases, the drive and frequency was tuned when there was
a deviation of greater than 1% from the target velocity. At lower amplitudes, tuning
was more difficult due to software limitations.
Failure of the fatigue specimen results in a sudden decrease in laser response.
If further tuning of the frequency caused subsequent changes in laser response, and
those changes were occuring at increasingly lower frequencies, a reasonable conclusion
would be that specimen geometry and stiffness had changed due to the formation of
cracks causing a change in mode shape. Crack formation was verified using dye
penetrant inspection (Figure 3.27).
From Table 3.4, σpr was 50 ksi and Nfail was 256710 for plate T5. The 10
6 fatigue
Table 3.3: T5 target velocities




























































































































































































































































































































































strength is calculated below, using Equation 3.7.










× 34.5 MPa = 353 MPa
Figure 3.27: Dye penetrant inspection of plate B4
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Computational Analysis
There are various methods that can be used to predict natural frequencies of a specific
geometry and boundary conditions. This study used an analytical method and a finite
element method (FEM). The analytical method uses equations derived from classical
plate theory to determine the natural frequencies for a given geometry and boundary
condition, whereas FEM uses the Lanczos method to solve the eigenvalue problem.
Nominal plate dimensions of 4.5” by 4.5” by 0.125” were used.
4.1 Analytical Method
Before the proliferation of robust computational tools, closed-form theories were used
to solve for natural frequencies of idealized geometries. Using a combination of beam
functions and the Rayleigh method, Equations 4.1-4.3 were derived for the natural
















12 (1− ν2) (4.3)
where n is the mode number, ωn is the natural frequency for the n
th mode, Cn is a
modal constant for the nth mode, a is the plate length, ρ is the mass density, t is
the plate thickness, D is the flexural rigidity, E is the Young’s modulus, and ν is the
Poisson’s ratio. The value for the natural frequency has units of radians/second. The





Using the Young’s modulus of the circumferential direction (137.2 GPa/19.9 ksi)
as an upper bound and the Young’s modulus of the axial direction (122 GPa/17.7
ksi) as a lower bound, the frequencies for the first five modes are summarized in Table
4.1.
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Table 4.1: Analytical solution for natural frequencies
Mode Frequency (Hz)






4.2 Finite Element Method
Finite element modeling was performed using the software package ANSYS R© version
11. Solid45 (8 node brick) elements (Figure 4.1) were used to develop a model
of sufficient element density to satisfy convergence to a continuous system. Mesh
elements were constricted to square top and bottom surfaces.
For the convergence study, a consistent mass matrix formulation was used, re-
sulting in convergence to lower values. To simulate the clamp, one edge of the model
was constrained in all six degrees degrees of freedom. Material properties used in
modeling are shown in Table 4.2.
Figure 4.1: Solid45 mesh element used in FEM analysis[85]
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Table 4.2: Material properties used in FEM convergence study
Property Value
Young’s modulus 19.9 Msi (137.2 GPa)
Poisson’s ratio 0.31
Density 0.160 lbf/in3 (4.43 g/cm3)
The convergence study was divided into a mesh refinement of the element number
in the chordwise (width) direction and through the thickness. Since the elements
were bounded in a square prism geometry, increasing the number of elements in the
chordwise direction also increased the number of elements in the spanwise (length)
direction. Meshes of 10x10, 20x20, 40x40, 80x80, and 160x160 elements with one
element through the thickness were used to establish convergence. Table 4.3 shows
a summary of this study for mode 4. The aspect ratio of the elements in the mesh
is simply the length to thickness ratio. This was calculated as sometimes meshes of
high aspect ratios (approaching 0 or ∞) produce peculiar results. The % difference
was calculated as the difference between successive meshes.
The 80x80 mesh was chosen to be sufficiently converged since refining it further
resulted in less than a one Hertz shift, the frequency value was bounded between the
analytical solution for mode 4, and computation time greatly increased. Similar steps
Table 4.3: FEM length convergence for mode 4
Mesh Elements Aspect Frequency %
Length (l) Width (w) Thickness (t) ratio (Hz) Difference
10 10 1 100 3.6 1819.29
20 20 1 400 1.8 1784.43 -1.92
40 40 1 1600 0.9 1776.37 -0.45
80 80 1 6400 0.45 1773.75 -0.15
160 160 1 25600 0.225 1772.96 -0.04
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Table 4.4: FEM thickness convergence
Mesh Elements Aspect Frequency %
Length (l) Width (w) Thickness (t) ratio (Hz) Difference
80 80 1 6400 0.45 1773.75
80 80 2 12800 0.9 1774.21 0.03
80 80 4 25600 1.8 1773.49 -0.04
80 80 8 51200 3.6 1773.25 -0.01
were followed in a convergence study of elements through the thickness. Using the
80x80 mesh, element numbers were successively doubled through the plate thickness
from 1 to 8. The results are shown in Table 4.4.
Interesting results can be seen as there is an initial rise in frequency as the mesh
is refined from 1 to 2 elements along the thickness. This could be attributed to
an insufficient mesh density, however, the frequency obtained from a model with 8
elements through the thickness yielded a frequency only 0.5 Hz lower with a difference
of 0.03% from that obtained with 1 element through the thickness. Due to the
small variation in frequency values and the drastic effect on computation time of
higher thickness mesh densities, 1 element through the thickness was determined to
be sufficient.
An alternate mass matrix formulation known as the lumped mass approximation
serves as a lower bound, converging to higher frequency values. Using the converged
mesh geometry, the results from both the upper bounded consistent mass matrix and
the lower bounded lumped mass matrix are presented for both the highest and lowest
stiffness values along with those determined from the analytical method in Table
4.5. The percent difference calculation compares the average values from FEM to the
analytical values.
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Table 4.5: FEM and analytical method frequency comparison
Young’s FEM (Hz) Analytical % Difference
modulus (GPa/Msi) Consistent Lumped Average (Hz)
137.2/19.90 1774 1767 1770 1800 -1.67
122/17.70 1673 1667 1670 1699 -1.71
Although the FEM values seem to converge to frequencies lower than those de-
termined analytically, both the upper and lower bounds by stiffness show roughly the
same percent difference.
The results from the FEM are normalized to a displacement of unity. Exper-
imentally, the displacement values are orders of magnitude lower. As a result, the
stress and strain values are artificially inflated. Since this is a scalar operation, the
ratio between two discrete points of strain or displacement remain true. With this
ratio, strain at the gage section can be correlated to a displacement at the laser target
location. Figures 4.2-4.5 show the FEM results.
Additional models were developed based on this converged model. One was made
with a refinement of the mesh local to the gage and laser target areas. The number
of elements used were always in excess of that used to satisfy convergence, however,
the elements were still constrained to a square geometry with one element through
the thickness. This was done to assess the sensitivity to laser target location in order
to quantify discrepancies between experimentally measured displacements and FEM
predictions. Another model was developed in the same fashion as the model with
locally refined meshes in order to more accurately predict the strains at actual crack
initiation sites.
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Figure 4.2: 80x80x1 mesh used for FEM analysis
Figure 4.3: Out-of-plane displacement of FEM model
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Figure 4.4: von Mises stress of FEM model




The 106 cycle fatigue strength of Ti-6-4+1B was evaluated for fully reversed bend-
ing. The testing was performed in a laboratory air environment at ambient room
temperature. Before testing, 6 of the 18 plates were excluded from further analysis
due to bowing, attributed to residual stresses, that made machining to a flat surface
difficult. Of the remaining plates, T4, T7, and B6 had high damping, limiting their
response to low stress values at the gage section. Equipment settings and test setup
procedures were verified, leaving only a material flaw as a possible explanation of
high damping. Being the thinnest of all the test specimens (0.08175”), the damping
in plate T4 could be attributed to a low stiffness due to its size and/or possible air
damping effects. The damping in plates T7 and B6, being of more nominal thickness,
is most likely attributed to a material flaw such as a pre-existing crack, however, this
was not verified. The remaining plates were successfully tested using the step test
method outlined in Section 3.4.7.
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5.1.1 Experimental Results
The 106 fatigue strengths for the Ti-6-4+1B specimens are presented in Table 5.1 and
Figure 5.1 as calculated by Equation 3.7. Figure 5.2 shows the performance of this
material with data from previous studies as a baseline for comparison.
The mean fatigue strength from experimental testing of the Ti-6-4+1B forging
was 332 MPa (48.1 ksi) with a range from 207 to 457 MPa (30 to 66.3 ksi). The
mean fatigue strength is 37.9% lower than the minimum strength for unmodified Ti-
6-4 using the same test method[60] and is inconsistent with previous studies of both
boron modified and unmodified Ti-6-4[10, 60]. Additionally, the range of experimen-
tal fatigue strengths is greater than the range of expected strengths for Ti-6-4[23].
Fractographic analysis was employed to gain additional insight into the cause of these
poor strengths.





















































Figure 5.1: Experimentally measured 106 fatigue strengths for each test plate and






































 P/M Envelope 
Figure 5.2: Experimental fatigue data comparison to previous Ti-6-4 data using the




Fractography was performed using an FEI Quanta scanning electron microscope
(SEM) (Figure 5.3) in both secondary electron and backscatter modes. Secondary
electron mode is more sensitive to topography and is most useful to identify crack
initiation sites, whereas backscatter mode is more sensitive to atomic number, and is
most useful to identify variations in chemistry.
After testing, the fatigued plates were cut along the chordwise direction (Figure
5.4) and separated to expose the crack surface. This was done to accommodated the
SEM, as plates were too large to fit in the SEM chamber. After separation, the two
halves were subjected to ultrasonic cleaning in ethanol.




Figure 5.4: Plate T6 after fatigue testing. Specimen was cut along chordwise direction
slightly beyond the crack tip (dashed line) and the two sides were separated to expose
the fracture surface. The staining in the clamp area was transferred from the steel
clamp blocks.
5.2.1 Plate T3
The source of the fatigue cracks were determined by visually identifying the center
of concentric “beach marks” and/or the convergence of “river lines” to a single point
(Figure 5.5). The region near the crack source can be further inspected using electron
microscopy. Figure 5.6 shows this region for plate T3 with an agglomeration of
artifacts near the plate surface. Additional fractographs of plate T3 with a “zeroing
in” on the fatigue crack initiation site are shown in Figures 5.7–5.10 at increasing
magnification.
Figure 5.11 shows a backscatter image of the initiation site. Areas appearing
dark are heavy in elements of lower atomic number (boron, carbon, and oxygen for









Figure 5.5: Optical photograph of plate T3 fracture surface showing classic, concentric
beach marks
1 mm




Figure 5.7: Secondary electron micrograph of plate T3 showing region of convergent
river lines and surface indications (black areas)
100 μm
Figure 5.8: Secondary electron micrograph of plate T3 showing region of crack initi-
ation as well as surface indications (black areas) and spherical particles
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50 μm
Figure 5.9: High magnification secondary electron micrograph of the crack initiation
site indicating brittle cleavage of the microstructure
25 μm
Figure 5.10: Higher magnification secondary electron micrograph of the crack initia-




Figure 5.11: High magnification backscatter electron micrograph of the crack initia-
tion site showing indications of foreign inclusion
identified from this micrograph, and were subjected to energy dispersive spectroscopic
analysis to determine the elements present. The spectra for these points are presented
in Figures 5.13–5.22.
EDS analysis determined that the elements present were titanium, vanadium,
aluminum, oxygen, carbon, sodium, silicon, sulfur, chlorine, potassium, calcium, iron,
and cobalt. EDS analysis can be somewhat indeterminate however, in that peaks of
elements are falsely identified. In the case of this analysis the identified peaks of
sulfur, cobalt, and chlorine are more likely to be from inclusions of zirconium, iron,
and molybdenum respectively, as their energy levels are situated very close to one
another. Although exact chemistry is indeterminate from EDS, backscatter electron
microscopy confirmed that these points are contaminants rather than Ti-6-4 or TiB.
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Figure 5.22: EDS spectrum of point 9 indicated in Figure 5.12
flaw sizes were recorded. Given the extent of the oxides in plate T3, it was difficult
to identify a single point that initiated cracking, so the flaw was idealized into a
semi-elliptical region of dimensions indicated in Figure 5.23 designated as a and c
for the half axes in the thickness and spanwise directions, respectively. This region
extended 1.004 mm in the thickness direction, or roughly 34% of the plate thickness.
The initiation site was idealized as the center of this semi-ellipse.
5.2.2 Other Plates
All other fatigue plates underwent similar fractographic analysis, with results sum-
marized in Table 5.2. It is important to note that crack initiation sites, generally
constrained to a very narrow area near the center of the free edge of the fatigue spec-
imen, were noticeably offset in both chordwise and spanwise directions. Plate T3,
the highest strength plate, had the most number of contaminating elements. EDS










Figure 5.23: Plate T3 flaw region
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Table 5.2: Fractography summary
Plate
Location (mm) Size (mm)
Type*
Elements found
x y z a c EDS Alternatives
T3 48.489 96.571 0.000 1.004 1.470 S, Of,
Sp
Ti, V, O, Al,
C, Na, Si, S






T5 53.010 113.423 0.000 0.394 0.150 S, Of,
C
Ti, V, Al, O
T6 53.150 114.186 0.000 0.316 1.702 S, Of Ti, V, Al O(V )
T8 44.247 110.856 0.000 0.474 1.638 S, Of,
Sp
Ti, V, Al, O
B3 63.873 112.438 0.000 0.374 0.225 S, Of Ti, V, Al, O
B4 57.537 114.890 0.000 0.126 0.194 S, T Ti, V, Al, O
B5 62.700 114.981 0.000 0.500 0.881 S, T, C Ti, V, Al O(Ti, V )
B7 66.626 86.106 0.000 0.026 0.040 S, Of,
Sp
Ti, V, Al, Fe O




*E = Embedded (subsurface)
*T = Tip initiation
*Of = Offset initiation
*Sp = Spherical indications
*C = Cracking
was suspected when viewing the fracture surface in backscatter mode as elements of
lower atomic number appear as heavy dark regions. Additionally, large TiB particles
were not observed near these areas, indicating that these particles had little effect on
the nucleation of the dominant fatigue cracks.
Initiation Sites
Due to the noticeable offset of the initiation site, it was necessary to determine if the
experimentally measured stress was an accurate assessment of the fatigue strength.
Figure 5.24 shows the location of the crack initiation sites for each plate with von

































Figure 5.24: Crack initiation sites overlaid with von Mises stress contours
contour lines, which represent, starting from the midpoint of the free edge, 94.5%,
83.4%, and 72.4% of maximum stress.
5.3 Model Fidelity
In order to quantify the stresses at the initiation site, a stress scaling factor was
determined from FEM. In order to obtain an accurate scaling factor, validation of
the FEM was necessary. To do so, development of a model with a refined mesh at
both the gage and initiation site was developed, and material stiffness was altered
to match experimental frequencies. This refinement was performed to simplify the
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query of strain and displacement at the gage and laser target location respectively.
5.3.1 Resonance Frequency and Stiffness Comparison
Each plate was modelled with its specific dimensions, and its elastic modulus was
tuned to match experimentally measured frequencies. The results from tensile testing
(Table 3.1) indicate slight anisotropy, but due to the complexity of modelling this
anisotropy and the necessity to tune 3 moduli to match experimental frequencies, the
material was modelled with an “effective” isotropic modulus. The tuned moduli are
presented in Table 5.3 with an average value of 18.06 Msi (124.5 GPa) with a range
from 17.65 Msi (121.7 GPa) to 18.40 Msi (126.9 GPa).
These effective moduli fall between the elastic moduli of the radial and axial
directions determined from from tensile testing, with exception of plate B3. This
discrepancy is negligible, as it is less than 0.5% difference from the minimum (axial)
















modulus of 17.70 Msi (122 GPa).
5.3.2 Strain-Displacement Comparison
Another measure of the accuracy of the model is how well the strain-displacement
ratio agrees to the experimentally determined value. A comparison for plate T3 is
shown in Table 5.4.
Given such a high degree of error when comparing the experimental and FEM
strain-displacement ratio, an investigation into the sensitivity of displacement on tar-
get location was performed. Figure 5.25 presents the model displacement in the target
area with dimensions extending 0.1” from the laser target location in all directions.
The highest displacement value occurs at 0.400” in the chordwise direction and
1.600” in the spanwise direction, and corresponds to a 115% increase in response as
compared to the nominal target location. The lowest displacement value occurs at
0.600” in the chordwise direction and 1.400” in the spanwise direction, and corre-
sponds to a 96% decrease in response as compared to the nominal target location.
A high gradient of displacement coupled with slight deviations in target placement,
make matching these values difficult. This does not render this test method unreli-
able, as spots with lower gradients of displacement may be more tolerable to slight
Table 5.4: Strain-displacement ratio comparison of plate T3
Plate Frequency Model Experimental Error
(Hz) Strain Displacement Ratio Ratio (%)
(ε) (in) (ε/in) (ε/in)






































Figure 5.25: Laser target area displacement. Nominal position of target is 0.500” and
1.500” in the chordwise and spanwise directions, respectively
deviations in target placement.
5.3.3 Adjusted Data
At resonance, strain and displacement are independent of frequency, therefore the
ratio of strain or displacement between any two discrete points remains the same.
Strain ratios between the gage location and the initiation site were used to determine
the stress at the initiation site. The adjusted fatigue strengths are shown in Figure
















































































 P/M Envelope 
Figure 5.27: Adjusted fatigue data comparison to previous Ti-6-4 data[60] and the
typical fatigue performance envelope for P/M Ti-6-4[23]
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5.4 Critical Flaw Sizes
Due to the difficulty in clearly determining the size of any flaws or defects that led
to the fatigue crack initiation and large agglomerations of possible flaws, fracture
mechanics calculations were used to assess critical flaw sizes for each plate. Flaws
within the material were modelled as elliptical embedded, semi-elliptical surface, or
quarter-elliptical surface cracks. For ease of calculation, the stress field was idealized
to be uniaxial, with no variation through the thickness. Flaw sizes determined using
these assumptions result in a lower limit approximation of the true critical flaw size.
Figures 5.28-5.30 show these idealized ellipses and stress states with characteristic



































Δσ = σmax − σmin (5.2)

























where ΔKI is the stress intensity range, λ is the surface correction factor, Δσ is
the stress range, Q is the shape parameter, f(φ) is the direction factor, a is the
minor half axis, c is the major half axis, φ is the direction of crack growth, λe is
the surface correction factor for an embedded flaw, λss is the surface correction for
a semi-elliptical surface flaw, and λqs is the surface correction factor for a quarter-
elliptical surface flaw. The critical flaw size for a given aspect ratio is the size at
which the ΔKI crosses a threshold value (ΔKth) below which fatigue cracks do not
grow (typically da/dN = 10−11 m/cycle) (Figure 5.31). For Ti-6-4+1B, ΔKth was
found to be 4.26 MPa-m1/2 from compact tension testing at a stress ratio of 0.1[10].
In order to use this value of ΔKth to determine the critical flaw size, several
assumptions were made. ΔKth changes with respect to R, but converges to a singular
























Figure 5.31: Fatigue crack growth rate curve for Ti-6-4+1B[10]
R > 0, and rarely at R = -1. For the sake of this study, ΔKth at R = 0.1 was
assumed to represent ΔKth at R = -1, which has been shown to be the case for other
titanium alloys[87]. In order to simplify the model, σmax was used in lieu of Δσ. This
assumption ignores crack closure effects and that crack growth arrests in compression.
Using these assumptions, stress intensities were calculated for various flaw sizes
and aspect ratios (Figure 5.32). The critical flaw size was found from the intersection
of these curves with ΔKth and is shown in Figure 5.33 as a function of aspect ratio.
At low aspect ratios (a/c ≤ 0.625) the critical flaw size shows preferential growth in
the φ = 90◦ direction whereas at higher aspect ratios (0.625 < a/c ≤ 1) the critical
flaw shows preferential growth in the φ = 0◦ direction. For a given aspect ratio,























Flaw Size (m-6) 
a/c = 0.125 
a/c = 0.25 
a/c = 0.5 
a/c = 0.75 
a/c = 1 
a/c = 0.125 
a/c = 0.25 
a/c = 0.5 
a/c = 0.75 
a/c = 1 
Figure 5.32: ΔKth for flaw sizes of various aspect ratios for plate T3. Solid lines























Aspect Ratio (a/c) 
phi = 0 
phi = 90 
Figure 5.33: Critical flaw size as a function of aspect ratio for φ = 0◦ and φ = 90◦
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For plate T3, the critical flaw is shown in Figure 5.34. The critical flaw is notably
smaller than the previously identified failure region (Figure 5.35), however, is still a
best guess, as it too is made up of smaller inclusions (Figure 5.36). Generally, the
individual flaw sizes that were observed from fractography were smaller than the
critical flaw size required to propagate a crack. However, small numbers of flaws
acting together as one were of sufficient size to lead to failure. Additionally, it is
important to note that individual flaw sizes were smaller than 149 μm, the mesh size
of the powder used to produce this material.
100 μm
a = 44.2 μm
c = 177 μm
Figure 5.34: High magnification secondary electron micrograph of plate T3 with








Figure 5.35: High magnification secondary electron micrograph of plate T3 overlaid
with the critical flaw size for propagation through plate thickness with a/c ratio of








Figure 5.36: High magnification secondary electron micrograph of plate T3 overlaid
with the critical flaw size for propagation through plate thickness with a/c ratio of
0.25 (red) and its constituent flaws (orange)
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5.5 Damage Mechanisms
As mentioned in Section 3.4.2, four plates were polished on one side to a one-μm,
mirror finish before fatigue testing. These surfaces were inspected in an SEM af-
ter fatigue testing to determine the microstructural response to fatigue. Plate T6
generated the longest fatigue crack at roughly 7 cm in length (Figure 5.37).
Along the crack path, there are several characteristic modes of microstructural
damage. Figure 5.38 shows the free edge of the plate, with marks remaining from






Figure 5.37: Fatigue crack in plate T6 after fatigue testing(a) and composite mi-
crograph(b) following crack path in region denoted with dashed box in (a). Overall
presented length is slightly less than 7 mm (0.275 in).
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Along the crack path, it is important to note that there is a formation of a lip, that
obscures the microstructure, making crack behavior difficult to assess.
The damage was confined to previously mentioned damage modes on page 19,
however, whisker pullout was not observed. The largest cracks observed were of
the grain cracking mode, showing little evidence of nucleation from cracks from TiB
fracture or decohesion. This is consistent with observations of the fracture surface in





























Figure 5.39: Plate T6 microstructure(b) at location indicated by (a), with detail (c)

























Figure 5.40: Plate T6 microstructure(b) at location indicated by (a), with details






















Figure 5.41: Plate T6 microstructure(b) at location indicated by (a), with detail (c)
of area denoted with a red dashed box in (b)
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Conclusions
The purpose of this study was to assess the 106 cycle fatigue strength of Ti-6-4+1B
in fully-reversed bending. Fatigue samples were machined to an aspect ratio similar
to that of gas turbine engine fan blades, the application of interest for this material.
Additionally, they were tested in a vibratory mode similar to that of common fatigue
failure in application. The performance was compared to previously generated data
of Ti-6-4 using the same specimen geometry, test procedure, and test equipment.
Fracture surfaces were analyzed using an SEM with EDS capability. A finite element
model was used to scale the experimentally measured stress to the stress at the fatigue
crack initiation site.
6.1 Conclusions
Based on the results and subsequent analysis, the following conclusions were drawn:
• The 106 cycle fatigue performance was poor in comparison to Ti-6-4 data gen-
erated using the same test method. Additionally, the fatigue strengths had
high variability, of which, none fell within the typical fatigue strength scatter
envelope for pre-alloyed powder metallurgy Ti-6-4.
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• Inclusions were determined to be the source of poor fatigue performance, as their
presence was extensive on fracture surfaces. The offset of crack initiation sites,
generally bounded within the fatigue zone, was also attributed to oxides, as
fatigue failure initiates at the most detrimental stress condition and propagates
along the path of least resistance for a given loading condition.
• Fatigue cracks initiated at the surface for all test plates, with all initiation sites
being suspect of oxide inclusions. Surprisingly, the fatigue sample with the
highest strength had the worst case of inclusions, with EDS evidence of several
foreign elements.
• Critical flaw sizes were exceeded not by individual flaws, but rather an agglom-
eration of flaws acting in tandem. Individual flaws were not observed in excess
of 149 μm, the theoretical maximum powder dimension for the mesh used to
produce powder for this material.
• Damage accrued under cyclic loading was consistent with the previously ob-
served damage modes. Matrix crack initiation from TiB cracks and interfacial
decohesion, was observed, but crack sizes of this type were not as large as ma-
trix cracks initiating at grain boundaries. More succinctly, the most detrimental
damage mode was apparently not influenced by the TiB particles.
• The vibration based testing method, despite having a relatively small fatigue
zone, still exhibited preferential failure in life limiting inclusion regions, demon-
strating its practicality for the fatigue testing of developmental alloys.
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6.2 Recommendations
Additional testing of the 106 cycle fatigue strength for the axial and radial directions
is warranted, as a full characterization of any developmental material is desirable.
Further fatigue testing should be performed using both this vibration based test
procedure and standard tensile testing procedures to determine if these fatigue results
are consistent. Testing a greater volume of material should give additional insight
into whether contamination is prevalent within the forging.
Should these results be consistent with tensile testing, an investigation of the
powder manufacturing process is recommended, as an array of contaminants were
discovered on the fracture surface. More precise methods such as electron microprobe
analysis can be used to determine not only the elements present, but the composition
of small volumes. Once conclusively identified, steps to mitigate the presence of these
detrimental inclusions can be made. Once mititgated, further investigation into the
effect of boron on crack nucleation and propagation is warranted.
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Figure A.1: Optical photograph of plate T3 fracture surface
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1 mm
Figure A.2: Low magnification secondary electron micrograph of plate T3 showing
characteristic river lines
500 μm
Figure A.3: Secondary electron micrograph of plate T3 showing region of convergent
river lines as well as surface indications (black areas)
130
100 μm
Figure A.4: Secondary electron micrograph of plate T3 showing region of crack initi-
ation
50 μm
Figure A.5: High magnification secondary electron micrograph of the crack initiation
site indicating brittle cleavage of the microstructure
131
50 μm
Figure A.6: High magnification backscatter electron micrograph of the crack initiation
site showing indications of foreign inclusion
25 μm
Figure A.7: Higher magnification secondary electron micrograph of the crack initia-




Figure A.8: High magnification secondary electron micrograph of spherical indications
5 μm










Figure A.10: Optical photograph of plate T5 fracture surface
1 mm
Figure A.11: Secondary electron micrograph of fatigue initiation region
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100 μm
Figure A.12: Secondary electron micrograph of fatigue initiation region
100 μm
Figure A.13: Backscatter electron micrograph of fatigue initiation site
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Figure A.15: Optical photograph of plate T6 fracture surface
1 mm
Figure A.16: Low magnification secondary electron micrograph of fatigue crack sur-
face of plate T6 with river lines converging to lower right corner of plate
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Figure A.17: Low magnification backscatter electron micrograph of fatigue crack
surface of plate T6 indicating extensive presence of lower atomic number elements
500μm
Figure A.18: Secondary electron micrograph of fatigue initiation region
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Figure A.19: Secondary electron micrograph of fatigue initiation region showing
faceted features
10μm











Figure A.21: Optical photograph of plate T8 fracture surface
1 mm




Figure A.23: Secondary electron micrograph of fatigue initiation region
100 μm




Figure A.25: Backscatter electron micrograph of fatigue crack initiation site with
roughly spherical indications
25 μm




Figure A.27: High magnification backscatter electron micrograph of the fatigue crack










Figure A.28: Optical photograph of plate B3 fracture surface
1 mm
Figure A.29: Secondary electron micrograph of fatigue crack initiation region
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100 μm
Figure A.30: Secondary electron micrograph of fatigue crack initiation site
100 μm










Figure A.32: Optical photograph of plate B4 fracture surface
1 mm
Figure A.33: Secondary electron micrograph of fatigue crack initiation region clearly
converging to the fatigue crack initiation site at the top right of the fracture surface
146
200 μm
Figure A.34: Higher magnification secondary electron micrograph of fatigue crack
initiation site
50 μm











Figure A.36: Optical photograph of plate B5 fracture surface
1 mm
Figure A.37: Secondary electron micrograph of fatigue crack region with river lines
converging to the initiation site in the upper right of the fracture surface
148
200 μm
Figure A.38: Secondary electron micrograph of fatigue crack initiation site with white
charging
200 μm











Figure A.40: Optical photograph of plate B7 fracture surface
1 mm
Figure A.41: Secondary electron micrograph of the fracture surface showing conver-




Figure A.42: Secondary electron micrograph of fatigue crack initiation site
25 μm
Figure A.43: Higher magnification secondary electron micrograph of fatigue crack










Figure A.44: Optical photograph of plate B8 fracture surface
1 mm




Figure A.46: Higher magnification secondary electron micrograph of fatigue crack
initiation region
100 μm
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